Introduction
We wished to determine how the surface charge and hydrophobicity of a folded protein affects the rate at which it exchanges amide N-H hydrogen with buffer, and have measured the rate of hydrogen-deuterium (H/D) exchange of the rungs (successively acylated sets of proteins) of two protein charge ladders [1] [2] [3] [4] [5] with electro-spray ionization mass spectrometry (ESI-MS). A "protein charge ladder" is a mixture of charge isomers generated by the modification of the functional groups of a protein. The charge ladders we used were prepared by sequentially acylating all 18 lysine-ε-NH 3 + of bovine carbonic anhydrase II 6 (BCA II) with acetic or butyric anhydride to yield lysine-ε-NHCOCH 3 and lysine-ε-NHCO(CH 2 ) 2 CH 3 .
The isoelectric point (pI) of BCA II is ~ 5.9. Previous experiments at pH 8.4 have
shown that each acetylation increases the net negative charge (Z o ) of BCA II by approximately 0.9 units. The difference between ΔZ = -0.9 and the value of -1.0 that might be expected for -NH 3 + à -NHCOCH 3 can be explained by charge regulation 7 (e.g., the electrostatic effect of acylating -ε-NH 3 + is not limited to the ε-nitrogen that is modified). Solvent ions, for example, will reorganize around the ε-nitrogen, and the values of pK a of nearby ionizable groups will adjust to the new electrostatic environment that results from neutralization of the lysine ε-NH 3 + group. The BCA II charge ladder contains 19 charge isomers or "rungs," and therefore spans approximately 16 units of charge. The acetylation of all 18 lysine residues (peracetylation) does not change the structure of this thermostable zinc protein (as measured previously by circular dichroism 3 and X-ray crystallography 8 ).
Mass spectrometry established a linear relationship between the net negative charge of folded BCA II (e.g., the number of acylations) and the number of hydrogens that do not exchange with solvent after a 2 h incubation in deuterated buffer (we say these hydrogen are protected from exchange). The acetylation of each lysine, for example, generated approximately one additional hydrogen that was protected from H/D exchange after 2 h (at 15 °C, pD 7.4). Multi-dimensional Nuclear Magnetic Resonance (NMR) spectroscopy demonstrated that the additional protected hydrogen atoms were not located on the lysine-acetyl side chains, but were present in amide NH groups located on the backbone of the polypeptide. Although the most negatively charged rungs of the ladder had the slowest rates of global 9 H/D exchange, an analysis with differential scanning calorimetry showed that these rungs also had lower conformational stability than the lower rungs.
Hydrogen Exchange as a Tool for Studying the Structure and Folding of
Proteins. The rate at which a protein exchanges its backbone amide hydrogens with tritium or deuterium in buffer has been used for nearly 60 years 10, 11 to study the structure 12, 13 , folding 14 , and conformational stability [15] [16] [17] of proteins. In fact, the first measurements of H/D exchange were not made with any form of spectroscopy, but rather by determining the density of H 2 O droplets after the addition of deuterated protein (that had been flash-frozen as a function of time in D 2 O and then dried under vacuum with P 2 O 5 ). 11 The utility of hydrogen exchange in protein biochemistry is based upon the generally observed correlation between the rate of amide hydrogen exchange and i) the rate of protein folding, ii) the local structure surrounding a backbone amide, and iii) the conformational stability of the folded protein. 17, 18 In spite of the historic and now widespread use of hydrogen exchange in structural biology and biochemistry-and in spite of all that is known about the processes of H/D exchange in proteins-the reasons for why many amide hydrogen atoms are slow to exchange in folded polypeptides (and other types organic molecules for that matter [19] [20] [21] ) are still not completely understood 22 (this matter is discussed further below).
The exchange of amide hydrogens with aqueous solvent is catalyzed by both acid and base, and the minimum rate of exchange for an unstructured polypeptide occurs at ~ pH 2.5. 23 Above pH 4, the primary catalyst for amide hydrogen exchange is hydroxide 24 (the pK a of the backbone amide in an unstructured polypeptide is ~ 15); below pH 4, the exchange is catalyzed by hydronium. In the case of an unstructured polypeptide, the exchange of amide hydrogen with solvent is fast: it occurs in milliseconds to seconds at pH 7 and room temperature. 25 With a folded or structured protein, however, the rate of exchange can be slower by factors of 10 8 (at pH 7 and room temperature). 26, 27 A simple kinetic model, developed by Linderstrøm-Lang, has been used for decades to understand the kinetics of amide hydrogen exchange in folded proteins. 11, 28 This model (summarized in Equation 1) involves a transition between two states: "open"
and "closed". Hydrogen exchange occurs in the "open" state and not in the "closed" state.
In Equation 1 , k int refers to the rate constant for the exchange of an amide in an unstructured polypeptide (i.e., the intrinsic rate of exchange); k cl refers to the rate constant for a closing reaction (e.g., refolding or a change in conformation). The intrinsic rate of hydrogen exchange for all 20 amino acids have been characterized (as a function of temperature and pH) using model peptides. 29, 30 The reaction scheme in (1) can occur at two extremes: i) k cl >> k int ; that is, the closing reaction (such as folding or a change in conformation) is much faster than the intrinsic rate of exchange; and: ii) k cl <<k int . These two conditions, described by equations 2 and 3, are termed EX2 (i.e., k obs depends on two terms) and EX1 (k obs depends on one term). 28, 31, 32 The two most widely accepted theories for understanding how various amides undergo hydrogen exchange in proteins are known as "local unfolding" 18, 24 and "solvent penetration". 33, 34 These models theorize that amide hydrogens exchange slowly in folded proteins because of hydrogen bonding (the local unfolding model) or burial in the protein and physical protection from contact with solvent and catalysts (the solvent penetration model). The local unfolding model postulates that local fluctuations in protein structure permit exchange by separating NH and CO groups (by ≥ 5Å) that are H-bonded in α-helices or β-sheets 18 ; the solvent penetration model postulates that water or a catalyst permeate the protein (without its unfolding, per se). These two theories are not mutually exclusive; Dill has reviewed data in support of each. 35 The results of studies of hydrogen exchange on small-molecule amides and model peptides have made it reasonable, in our opinion (and in the opinion of others 20, 36, 37 ) , to suspect that amides in closed configurations (Eq. 1) are not simply protected from hydrogen exchange because of hydrogen bonding and solvent accessibility alone and that electrostatic effects can greatly affect, in the some cases, the rate of H/D exchange.
Hydrogen exchange studies of model amides (i.e., N-methyllauramide and Nmethylbutyramide) in the presence of cationic, neutral and anionic micelles have suggested that the electrostatic environment of an amide affects its rate of hydrogen exchange. 20 For example, the rate constant for base-catalyzed exchange (k OH ) of model amides decreased by factors of 2500 in the presence of negatively charged micelles, whereas k H increased 100 fold. 20 Decreases in k OH were not observed in the presence of neutral or cationic micelles (although a 30-fold decrease in k H was observed in the presence of cationic micelles). The relative rates of hydrogen exchange for diketopiperazine and 2-piperidone (the mono-amide analog of diketopiperazine) are also interesting: the k OH of diketopiperazine is ~ 740 times greater than for 2-piperidone. 36 Confounding matters even further, the pioneering studies that used model amino acids and oligopeptides to determine the effect of primary structure on rates of amide hydrogen exchange were performed at high concentrations of salt (i.e., 0.5 M KCl) in order to "shield possible charge effects". 30 38 We believe, however, that understanding electrostatic effects on amide hydrogen exchange in proteins is necessary to understand them mechanistically and to understand what they reveal-and what they do not necessarily reveal-of the structure and folding of proteins.
Finally, there are examples of amino acids in proteins (i.e., lysozyme and rubredoxin) whose backbone amides are exposed to solvent and not H-bonded but that do, nevertheless, undergo H/D exchange at rates that are up to a billion-fold slower than the rate of a corresponding model oligopeptides; these surface residues (i.e., Val 38 in
Pyrococcus furiousus rubredoxin 22 ) exchange as if they were in the hydrophobic core of the protein or engaged in strong H-bonds. A series of recent papers have suggested that variations in the electrostatic potential across the surface of proteins such as rubredoxin are likely to explain why such solvent-exposed and non-H-bonded amino acids exchange so slowly 22, 39, 40 (and why other amides exchange more rapidly than would be expected based upon their deep burial from solvent and H-bonding interactions 41 ). Chloride (ZnCl 2 , 200-µM) was added before induction. The cells were lysed by sonication and centrifuged. HCA II was purified as previously described. 54 In order to remove deuterium from labile sites, solutions of purified protein were heated in phosphate-buffered H 2 O (10 mM, pH 8. 'models' of lysine in polypeptides in that the α-NH 3 + group has been acetylated (yielding a "backbone" amide; the ε-NH 3 + group is also acetylated in the ε-NHCOCH 3 derivative yielding a side-chain amide). The α-COO¯ group has also been converted into a CONHCH 3 (yielding a second "backbone" amide). The rate of exchange of each amide was measured at pD 4.5, 5 °C, 20 mM acetate (the rate of exchange is too fast at neutral pH to be measured using our methods). In order to resolve the "side-chain" amide groups from "backbone" amide groups, we acquired NMR spectra on a 900 MHz spectrometer 
Differential Scanning Calorimetry (DSC).
To determine the effect of lysine acetylation on the conformational stability of BCA II, partial charge ladders were analyzed by differential scanning calorimetry (DSC). DSC was carried out on a VP-DSC instrument (MicroCal) with a scan rate of 1 ºC/min. Protein samples (~25 µM; pH 7.4, 10 mM phosphate) were degassed prior to analysis. Raw DSC data was smoothed and deconvoluted using Origin 5.0 (MicroCal).
Capillary Electrophoresis (CE).
The change in surface charge for each rung of the charge ladder was confirmed by capillary electrophoresis (CE). Capillary electrophoresis was performed as previously described using a Beckman PACE instrument. Figure 3C ).
Hydrogen/deuterium exchange is initiated and measured as previously described. 58 Briefly, a concentrated solution of protein charge ladder was diluted ten-fold Figure 3A ; see supplemental information for additional experimental details). Aliquots were removed over time, and isotopic exchange was immediately quenched by diluting aliquots again (1:10) into ice-chilled, acidic, aqueous buffer (0 ºC, 100 mM PO 4 3-, pH 2.4). Solutions were then injected onto a short HPLC column (in order to remove salts that suppress ESI) that was chilled on ice and coupled to the ESI-MS ( Figure 3B ). During quenching and analysis with LC-ESI-MS, deuterons on side chain functionalities such as carboxylic acid, indole, guanidinium or alcohol groups will typically undergo back-exchange with water. 59, 60 The LC-ESI-MS methods we use will therefore measure the exchange of hydrogen primarily at the amide nitrogen, and not hydrogen on rapidly exchanging groups. 59 , 61 A substantial number of amide deuterons, however, will also undergo "back-exchange" with solvent during quenching and LC-ESI-MS ( Figure 3B ). Consequently, the number of deuterons that are incorporated into BCA II during the in-exchange experiment ( Figure 3A ) will be underestimated unless this back-exchange is taken into account. The percent of deuterons that undergo backexchange (% BE) is calculated as the difference between the measured mass of each perdeuterated rung and the theoretical mass of each perdeuterated rung; the perdeuterated ladder is prepared by thermally unfolding the proteins ( Figure 3C ). We found that approximately 27 % of amide deuterons had undergone back-exchange with solvent during quenching and analysis with LC-ESI-MS (Supplemental Table 1 ). This value is consistent with reported values that involved similar LC-ESI-MS methods. 58 We emphasize that the acetylation of lysine results in an additional amide (lys-ε- Table 1 ).
The number of deuterons incorporated into unfolded BCA II increased by 0.5-1.0 with each higher rung of the ladder (Supplemental Table 1 For visual clarity, Figure 4A shows the kinetic profile for only seven rungs of the charge ladder (e.g., BCA-Ac(0), (3), (6), (9), (12), (15) and (18); data for all 19 rungs are included in supporting information). Figure 4A shows that the number of unexchanged hydrogens (after 100 min, pD 7.4, 15 ºC) in the charge ladder increases from ~85, for the first rung (BCA-Ac (0) (15)) thus has 101 unexchanged hydrogens ( Figure 4A , see also Supplemental Table 1 ).
The number of unexchanged hydrogens present after 80 min (pD 7.4, 15 ºC) in each rung is plotted in Figure 4B as a function of the number of acetylated lysine residues. We chose to plot the data points at 80 minute because the change in mass began Table 1 and 2) are, therefore, a population-weighted average value that represents the H/D exchange of all regioisomers within the rung. We note that the mass distribution of each rung of the charge ladder ( Figure 4C ) remained unimodal and shifted to higher and higher values of mass as a result of deuteration-as opposed to being bimodal, with a lower mass peak (protonated protein) decreasing in intensity and a higher mass peak (deuterated protein) increasing in intensity. The unimodal distribution that we observed suggests that the exchange of most hydrogen of each rung occurs by a predominantly EX2 mechanism.
Further support for an EX2 mechanism of exchange for the slowest exchanging hydrogen in both acetylated and unmodified BCA II is shown in Supplemental Figure 1B : the number of unexchanged hydrogen after > 5 min for both peracetylated BCA II and unmodified BCA II is similarily dependent upon the pD of solvent.
The kinetic plots in Figure 4 were fit with triexponential functions in order to extract kinetic parameters for "fast," "medium" and "slow" exchanging hydrogens, as previously described. 58 This analysis is described in the supplementary material and the results for all 19 rungs of the charge ladder are listed in Supplemental Table 2 . From this kinetic analysis we can estimate the reduction in the rate of H/D exchange that occurs from acetylation, if we assume (for the moment-the matter is solved experimentally below; see Figures 5 and 6 ) that the additionally protected hydrogens are located on the backbone of BCA II and not on the side chain of acetylated lysine residues and if we assume that the hydrogen that become protected by acetylation were not protected from exchange before acetylation. From our kinetic analysis of the plots in Figure 4A and Supplemental Figure 1 we conclude that unmodified BCA II has approximately 36.2 ± 3.6 amide hydrogens that exchange with a rate constant k = 5.8 ± 3.6 · min -1 ; there are 24.3 ± 2.9 amide hydrogens that exchange more slowly with a rate constant k = 1.9 ± 0.5 Table 2 ), 34.8 ± 3.1 hydrogens exchange with a rate constant k = 4.3 ± 1.1 · min -1 ; 29.1 ± 2.9 hydrogens with a rate constant k = 0.9 ± 0.2 · 10 -1 min -1 ; and 112.5 ± 3.6 hydrogens with a rate constant k = 1.1 ± 0.3 · 10 -3 min -1 . The additionally protected hydrogens in peracetylated BCA II exchange, therefore, with a rate constant k = 1.1 ± 0.3 · 10 -3 min -1 . We do not know the rate constant at which these hydrogens underwent exchange prior to acetylation, but if we assume that the rate constant is between 5.8 ± 3.6 · min -1 and 1.9 ± 0.5 · 10 -1 min -1 (e.g., the rate constants for "fast" and "medium" exchanging hydrogens in unmodified BCA II) then we can make a zeroth order approximation that each acetylation reduces the rate of H/D exchange of amides hydrogens in BCA II by at least two or three orders of magnitude.
Is the Additional Protected Hydrogen in Each Rung Located on the Protein
Backbone or Side Chain of Lys-ε-NHCOCH 3 ? The simplest explanation (numerically, but not necessarily chemically) for the effects of acetylation on the rate of H/D exchange within the charge ladder-that is, the ~1:1 relationship between the number of modifications and the increased number of unexchanged hydrogens-is that the additional hydrogen that were protected in each rung are those amides introduced onto the side chain of lysine via acetylation. All 18 lysine in BCA II are, however, located on the surface of the protein and X-ray crystallography of peracetylated BCA II revealed that the lys-ε-NHCOCH 3 groups are neither buried nor inaccessible to solvent. 8 A few of these amide groups were engaged in intramolecular hydrogen bonds, for example, with aspartate-β-COO -functionalities. 8 Nevertheless, the rate of exchange of lys-ε-NHCOCH 3 are difficult to predict and not necessarily slower than backbone -CONH hydrogen.
In order to determine if the additional hydrogens that were protected in the charge ladder were those amide hydrogen on lys-ε-NHCOCH 3 Figure 5 ). This result demonstrates that the additional hydrogen that were protected in each rung of the charge ladder are main-chain amides located somewhere on the backbone of the protein ( Figure 5 ). An explanation of the results of NMR experiments that led us to this conclusion is as follows.
An overlay of the HSQC NMR spectra of HCA II (blue) and peracetylated HCA II (red) is shown in Figure 5A . A HSQC experiment correlates the amide nitrogen with the amide hydrogen; a cross peak is observed for each amide N-H pair. Each peak, therefore, represents an amide N-H that is in a unique chemical environment. Other N-H signals (i.e., δ-guanidino, β-and γ-CONH 2 , ε-NH 3 + , δ-NH, β-imidazole and β-indole) are typically not observed because they exchange too rapidly to be detected, or because they are suppressed in these types of experiments. 64 Many peaks in the HSQC spectra of HCA II and peracetylated HCA II do not overlap (this difference is not surprising, considering that the chemical environment of many residues will be altered by the neutralization of lys-ε-NH 3 + ). The majority of peaks in the spectra of both proteins were dispersed and well resolved, indicating that both proteins were folded.
64, 65
The Together, the data presented in Figure 5 demonstrates that the amides from lysine-ε-NHCOCH 3 exchange too rapidly to be those that are protected within the protein charge ladder. The hydrogens that are becoming protected from exchange as a result of acetylation are, therefore, located on the backbone of BCA II. (e.g., the 'left-handed' amide (amide 2 in Figure 6 ), with respect to the α-carbon in Figure   6 ) at ~ 8.10 ppm and the "right handed" amide (amide 1 in Figure 6 ) which appears at ~ 7.83 ppm ( Figure 6A ). We found that the neutralization of ε-NH 3 + in model lysine resulted in a significant decrease in the rate of exchange of both the right and left backbone amide ( Figure 6B and 6C). The data in Figure 6 were fit to the exponential function y = y o + Ae (-x/k) ; the time constants (k or t 1/2 ) for the left handed amide (denoted "1" in Figure 6 ) were 526 ± 6 s for Ac-Lys(ε- The decrease in the rate of exchange of the backbone amide hydrogens in model lysine that results from the acetylation of ε-NH 3 + (e.g., a 2-3 fold decrease; Figure 6 ) is significantly less than the decrease that we estimate to occur in BCA II as a result of acetylation of lysine (e.g., a 100-1000 fold decrease; Figure 4 , Supplemental Table 2 ).
Acetylating the ε-NH
One plausible explanation for this disparity is that the small molecule experiments were performed at different value of pD (i.e., pD 4.5) compared to the experiments with BCA We also note that the hydrogen on the side-chain amide of Ac-Lys(ε-NHCOCH 3 )-NHMe exchanges faster than any of the backbone amide hydrogens (k = 416 ± 7 s; Figure 6D ). The relatively fast rate of H/D exchange of ε-NHCOCH 3 compared to the two backbone amides is further support for the conclusion that the side chain amides of acetylated BCA II are not protected from H/D exchange.
Neutralization of Lysine, Charge Regulation and Hydrogen Exchange. We hypothesized that the correlation between the net negative charge of BCA II and its rate of hydrogen exchange is due-at least in part-to a manifestation of charge regulation at the surface of BCA II. Charge regulation occurs from the reorganization of solvent and solvent ions (i.e., H + or OH -) around a functional group that undergoes a change in charge. In the case of the acetylation of lysine-ε-NH 3 + , the neutralization of the positively charged nitrogen will lower electrostatic repulsions between ε-N and H + and result in a decrease in the local pH (pH local ) relative to the pH of the bulk solvent (pH solv ). These differences in pH local and pH solv will also affect the ionization of residues that have values of pK a within ± 3 units of pH solv . 7 The lower pH local at the surface of BCA-Ac (18) compared to BCA-Ac (0) chloride ions will effectively screen electrostatic interactions at the surface of the BCA II protein, for example between OH¯ and lys-ε-NH 3 + . We used a partial charge ladder of BCA II for these experiments that consisted of only the higher rungs (i.e., rungs Ac(14)-Ac- (17)). Working with a partial ladder consisting of two or three abundant rungs instead of a full ladder consisting of 19 is convenient for mass spectrometric experiments that involve high concentrations of NaCl. 66 We found that the number of unexchanged hydrogens decreased by [15] [16] [17] [18] [19] II, the acetylation of lysine also increases the surface hydrophobicity. The Hansch π-parameter (log P) for -NH 3 + groups is log P = -2.12; and for -NHCOCH 3 groups, log P = -1.21. 67, 68 To test if the differences in the hydrogen exchange of each rung of the charge ladder were due (entirely or in part) to increases in surface hydrophobicity, we prepared a perbutyrated derivative of BCA II (lys-ε-NHCO(CH 2 ) 2 CH 3 ) by acylating all 18 lys-ε-NH 3 + groups with butyric anhydride. The perbutyrated protein has 36 more -CH 2 -groups on its surface than peracetylated BCA II; the perbutyrated protein will have a net charge similar to peracetylated BCA II, but a greater surface hydrophobicity (the Hansch parameter for NHCO(CH 2 ) 2 CH 3 is not available, however, log P = 0.5 for -CH 3 and log P = 1.5 for -(CH 2 ) 2 CH 3 67 ).
We 
The rate of hydrogen exchange has, therefore, been used to measure the conformational stability of folded proteins. 15, 70, 71 We found, however, that the least thermally stable (and most highly charged) rungs of the charge ladder were more protected from H/D exchange than the more stable (and less charged) rungs. Our finding suggests that electrostatic factors such as net charge, or perturbations in the electrostatic environment 
Conclusion
We have used protein charge ladders and mass spectrometry to quantify the effects of structural and electrostatic changes produced by conversion of lys-ε-NH 3 + to lys-ε-NHCOCH 3 on the rate of H/D exchange in BCA II. Eliminating cationic sites on the surface of this protein by acetylation of its surface lysine-ε-NH 3 + resulted in a decrease in the rate of amide H/D exchange that was linear in the number of lysine-ε-NHCOCH 3 groups formed. The neutralization of all 18 lysine residues by acetylation does not result in any significant changes in the 2° or 3° structure of BCA II (but did diminish the thermostability of the protein).
The electrostatic environment of an amide must therefore be considered along with its structural environment (e.g., its H-bonding and solvent accessibility) when interpreting the meaning of hydrogen exchange kinetics of folded proteins. The type of kinetic electrostatic effect-not structural effect-that we report in this paper might also arise, for example, from non-isoelectric perturbations such as amino acid substitution 72 , post-translational modifications 73 (especially the acetylation of lysine or N-terminal -NH 3 + 74, 75 ) and the binding of charged small molecules 55, [76] [77] [78] , oligonucleotides 79 , or metal cofactors 80, 81 to proteins. For example, a recent paper has used mass spectrometry and H/D exchange to study how the acetylation of the N-terminus affects polypeptide chains that comprise the ribosomal stalk complex of Escherichia coli. 64 This paper reported that acetylation resulted in small increases in the number of amide hydrogens (i.e., between one and three) that were protected from exchange with buffer after 10 min in 90 % D 2 O. Although the authors were reasonable in interpreting this decrease in the rate of H/D exchange to be caused by a tightening of the structure of the protein (and of the complex as a whole), we hypothesize that the decreased rate of H/D exchange occurred-at least in part-because of the same kinetic electrostatic effect that we observe with the protein charge ladder, and not because of a change in the structure or flexibility of the ribosomal stalk complex.
We hypothesize that the kinetic electrostatic effect that we observe arises from decreases in pH local at the surface of the protein, and/or changes in the electrostatic environment near lysine residues that result in a reduction of the pK a of nearby backbone amides. A definite, unambiguous identification of the specific residues that were protected from H/D exchange by acetylation in BCA II (which is necessary in order to best elucidate the mechanisms at work) is prevented by the lack of NMR peak assignments for BCA II. The rate of H/D exchange of model lysine compounds, however, suggests that the protection occurs at a backbone amide near the lysine residue. In addition to charge regulation, there are other plausible mechanistic explanations for why the acylation of ε-NH 3 + decreases the rate of exchange in BCA II. The number of covalent bonds separating the ε-NH 3 + group and backbone amide of lysine (e.g., six) is too great for the ε-NH 3 + to exert a through-bond inductive effect on the backbone amide NH (that would reduce the pK a of the amide NH); the ε-NH 3 + group might, however, stabilize the anionic amide intermediate (e.g., -OCN¯-) that forms during basecatalyzed exchange of the amide hydrogen. We reiterate that the electrostatic effect that we observe-regardless of the exact molecular interactions that cause it-can not be entirely abolished (at least in the case of BCA II) by the addition of NaCl to solvent; the rates of H/D exchange of acetylated and non-acetylated BCA II are still different in the presence of 1 M NaCl (Figure 7 ). The future use of charge ladders of other stable proteins whose NMR structures have been determined (i.e., rubredoxin or superoxide dismutase-1) should provide greater insight into the exact mechanism by which surface electrostatics affect the hydrogen exchange of folded proteins.
This study has, nevertheless, shown that protein charge ladders offer a unique tool to use in understanding the structural and electrostatic factors that govern the rate of hydrogen exchange in folded proteins (and that have, so far, been intractably difficult to explore experimentally and hence largely overlooked). A more complete theory of hydrogen exchange in folded polypeptides will hopefully explain some of the surprising and sometimes confusing results that accumulated for over 50 years in biochemistry and in organic and polymer chemistry. 19-22, 35-37, 82, 83 
